At FNAL bench measurements of the longitudinal impedance of various beamline components have been performed using stretched wire methods. The basic approach is to use a network analyzer (NWA) to measure the transmission and reflection characteristics ( s-parameters) of the beam line component. It is then possible to recover the effective longitudinal impedance from the s-parameters. Several NWA calibration procedures have been implemented in an effort to improve the accuracy of these measurements. These procedures are mathematical techniques for extracting the s-parameters of a test device from external NWA measurements which include the effect of measurement fixtures. The TRL algorithm has proven to be the most effective of these techniques. This method has the advantage of properly accounting for the nonideal calibration standards used in the NWA measurements.
Introduction
The objective of this work is to recover an equivalent impedance for a given device-under-test (DUT) using a bi-directional reflectometer, otherwise known 1 as a network analyzer (NWA). The basic algorithm consists of applying an incident wave to the DUT, which is characterized as a general two-port network, and measuring the vector voltages scattered into the forward and reverse directions. The resulting data can be used to calculates-parameters. However, the measurements are complicated by the fact that transitions occur between the NWA and the DUT. The diagram below is a schematic representation of the measurement setup. A and B are general, linear networks representing the errors occuring in the s-parameter measurements of the DUT. The in-' :fluence of error networks A and B must be removed from the data in order to accurately evaluate the s-parameters of the DUT. Using standard circuit analysis, it is possible to recover the effective longitudinal, as well as transverse, impedance of the DUT from the de-embedded s-parameters.
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The method described in this Technical Memo is based on a generalization of the Thru-Reflect-Line (TRL) algorithm [1, 2) . The calibration standards required are two lengths of transmission line and two shorts with equal reflection coefficient. The lengths of the transmission lines and the value of the reflection coefficient for the shorts are not required to be known. However, the ratio of the lengths of the two transmission lines is required.
Assuming the transmission lines used for calibration are nonre:flecting, the s-parameter matrices for line 1 and line 2 are defined by The object of this section is to find the expressions which relate the sparameters of the DUT, Si;, to the NWA measurements, Si;m, where it is assumed that the s-parameters of the networks A and B have been determined, including the complex phase factor Lt. In Section 4 the expressions associated with the TRL calibration method which yield these network sparameters are derived.
The network flow graph for the generalized TRL calibration is shown in Figure 1 . The reference planes for this calibration method are located at the middle of the shorter transmission line. Therefore, half the length of the shorter line is included on each side of the DUT.
In order to develop expressions relating the s-parameters measured at the NWA ports, Si;m, to the s-parameters of the DUT, Si;, one follows the procedure of [3, 4) . From the network flow graph in Figure 1 :
By definition, the s-parameters measured at the NWA ports are: 
and (16) From (4) and (16),
Dividing through both sides of (17) by ao yields, From (4),
From (22) and (23),
From (25),
From (26) and (7),
From (27) and (10),
From (28) and (12), 
Dividing through both sides of (29) by a 0 yields,
Multiplying both sides of (31) by S12AS21ALt yields,
(32)
In order to determine S 12 m in terms of the s-parameters of the DUT, make the same substitutions as before in (32):
Equations (20), (21), (32) and (33) relate the s-parameters measured at the NWA ports, Sijm, to the s-parameters of the DUT, Sij·
Standard NWA Error Model
In order to find the s-parameters of the error networks A and B, it is useful to define a set of error terms which represent forward and reverse coupling factors at each network.
The network fl.ow graph of error terms for the generalized TRL calibration is shown in Figure 2 
Using the error terms defined above, equations {20), {21), {32) and {33) become
The purpose of this section is to evaluate the error terms defined in the preceding section using a set of calibration standards. First a transmission line is connected between the networks A and B, and a set of s-parameters are measured at the NWA ports. Then a second transmission line with a known incremental length relative to line 1 is connected and the measurements are repeated. Third, a short with an unknown reflection coefficient is connected at each network in turn, and the reflection coefficients at the NWA are measured. The relevant expressions which yield the error terms defined above 
Note that, in terms of the s-parameters of the two-port network, 
Note that from (1), (2) 
Eliminating [RA] from (40) and (41) following a procedure similar to that above, one obtains,
where Therefore,
Eliminating b 1 from (59) and (60), one obtains
Eliminating 'Y from (58) - where L+ and L-are the two roots of (55).
It is also necessary to select the proper root when evaluating (67) and (68). This is accomplished by estimating the phase of the reflect, as shown in Appendix C. Physically, the selection corresponds to distinguishing between an open or a short at the reference plane of the DUT.
Using (39), and
From (69), (70) and (71), one obtains
Similarly, and 
From (78) and (81) From (69)- (75), (70) and (82) the relevant s-parameters of error networks A and B are expressed in terms of known ratios, and therefore the error terms in equations (34)-(37) can be evaluated.
De-Embedding the S-Parameters of the Test Device
The purpose of this section is to summarize the results obtained thus far, and give the expressions which show how to de-embed the s-parameters of the DUT from the NWA measurements.
Equations {34)-(37) are expressed in the form 
The s-parameters of the test device are obtained by solving the linear, simultaneous equations (83)-(86) to yield,
A listing of the FORTRAN code to implement the generalized TRL algorithm is given in Appendix D.
Calculation of Impedance from De-Embedded S-Parameters
It is worthwhile to note the relationship between the s-parameters just found, and the concept of shunt impedance which is usually applied to beamline components. From {88) and {89),
[Y]
-S12 l 1 -S22 .
I.12 -
Therefore, the impedance, Z, is given by
{91)
A listing of the FORTRAN code to implement {91) is given in Appendix E.
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Conclusions
An algorithm has been derived for de-embedding the impedance parameters of a general 2-port network from a realistic set of s-parameter measurements including the effects of external impedance transformations. The method requires the separate measurement of inserted delays of two different lengths (optimally different by >../2), and the measurement of identical, but possibly nonideal, reflects. Moreover, the algorithm has been implemented in the form of a FORTRAN computer code, which can be used with standard NWA output data to provide comparatively accurate values for the de-embedded impedance of a given device over as much as an octave in frequency. This method has the advantage of properly taking into account the often-experienced nonideal transmission line standards encountered in these measurements. The details of the comparison of this algorithm with synthesized data, as well as with an actual device whose impedance is known theoretically, are covered in a separate document [6] . [SD2] respectively. Using {39), the corresponding wave cascade matrices are generated,
The elements of [P] are obtained from 
C Proper Root Choice
The proper choice of root in evaluating RRA22 is accomplished by estimating All the phase of the reflect, as shown below.
From (58),
From (94),
Therefore, the unknown reflection coefficient, ; , is given by (95)
Using (47), (48) and the value of PA from NWA measurements, ; can be evaluated from (95) for each choice of root in (67). Since ; represents the reflection coefficient for a short, the proper root choice is that value of RRA 22 for All which the corresponding value of; lies in the shaded region of the complex plane.
27
"Y -Plane
Im;
D TRL Algorithm FORTRAN Code ************************************************************************* * ************************************************************************* 
